Raiteri BJ, Cresswell AG, Lichtwark GA. Ultrasound reveals negligible cocontraction during isometric plantar flexion and dorsiflexion despite the presence of antagonist electromyographic activity. 118: 1193-1199, 2015. First published January 22, 2015 doi:10.1152/japplphysiol.00825.2014.-Because of the approximate linear relationship between muscle force and muscle activity, muscle forces are often estimated during maximal voluntary isometric contractions (MVICs) from torque and surface electromyography (sEMG) measurements. However, sEMG recordings from a target muscle may contain cross-talk originating from nearby muscles, which could lead to erroneous force estimates. Here we used ultrasound imaging to measure in vivo muscle fascicle length (L f) changes and sEMG to measure muscle activity of the tibialis anterior, medial gastrocnemius, lateral gastrocnemius, and soleus muscles during ramp MVICs in plantar and dorsiflexion directions (n ϭ 8). After correcting longitudinal Lf changes for ankle rotation, the antagonist Lf at peak antagonist root-mean-square (RMS) amplitude were significantly longer than the agonist Lf at this sEMG-matched level. On average, Lf shortened from resting length by 1.29 to 2.90 mm when muscles acted as agonists and lengthened from resting length by 0.43 to 1.16 mm when muscles acted as antagonists (depending on the muscle of interest). The lack of fascicle shortening when muscles acted as antagonists indicates that cocontraction was likely to be negligible, despite cocontraction as determined by sEMG of between 7 and 23% MVIC across all muscles. Different interelectrode distances (IEDs) over the plantar flexors revealed significantly higher antagonist RMS amplitudes for the 4-cm IEDs compared with the 2-cm IEDs, which further indicates that cross-talk was present. Consequently, investigators should be wary about performing agonist torque corrections for isometric plantar flexion and dorsiflexion based on the antagonist sEMG trace and predicted antagonist moment.
EMG; cross-talk; torque correction; tibialis anterior; gastrocnemius; soleus SURFACE ELECTROMYOGRAPHY (sEMG) and dynamometry are often implemented simultaneously to estimate muscle force contributions during maximal voluntary isometric contractions (MVICs). This is because force and torque are proportional given no change in moment arm and there is an approximate linear relationship between muscle electrical activity measured at the surface of the muscle and muscle force (22, 28) . One of the major limitations in using this approach to predict muscle force is that sEMG recordings from a target muscle (e.g., antagonist) can be contaminated by electrical activity generated by nearby muscles (e.g., agonists). This is termed "crosstalk," and it can lead to inaccurate timing and force magnitude estimates (12) . While several efforts have been made to reduce the level of cross-talk in the sEMG signal (13, 26, 50, 51) , it has become apparent that cross-talk cannot be completely eliminated. In fact, when adipose tissue overlies an inactive muscle of interest, the sEMG signal recorded is linearly related to the level of activity in the electrically stimulated muscle, with cross-talk being as high as 28% (45) .
Recordings of electrical activity from denervated animal muscle (14) and human muscle (16, 20, 53) highlight that we should be cautious when interpreting sEMG and its relationship to antagonist muscle force. For example, Etnyre and Abraham (16) found that during voluntary dorsiflexion contractions, the sEMG signal recorded from the soleus (SOL) muscle increased whereas the intramuscular EMG signal recorded from the same muscle location remained silent. The authors concluded that the appearance of cocontraction in the antagonist sEMG signal was from cross-talk originating from the tibialis anterior (TA) muscle. A similar finding of cross-talk in the antagonist sEMG signal with no corresponding increase in the intramuscular EMG signal was observed in the upper arm muscles during isometric elbow flexion and extension (53) . Unfortunately, the limitation in using intramuscular EMG to reach these conclusions about cross-talk is that intramuscular EMG may not reflect global muscle activity due to its relatively small detection area (40) , and techniques that address this concern should be considered in future studies.
Ultrasonography is a noninvasive imaging technique that can be used to quantify length changes of muscle contractile tissue during muscle contraction (21, 23, 41) . Because muscles are attached to the skeleton via elastic tendons, active force production stretches these elastic structures, resulting in a shortening of muscle fascicles even when the contraction is isometric. The magnitude of fascicle shortening is dependent on the force produced and relative compliance of the tendon [largely dictated by the length of the attached tendinous tissue (52) ]. Ultrasound imaging has revealed that during maximal isometric plantar flexion contractions, the medial gastrocnemius (MG) muscle fascicles shorten and stretch the series elastic tissues (e.g., tendon and aponeurosis) while transferring active force from contracting muscle to bone (41) . Similar results have been reported for most other lower limb muscles (2, 25, 33, 37) . Since muscle fascicle shortening and muscle force are almost linearly related when joint angle remains constant (41) , quantifying the length changes of fascicles when muscles act as agonists or antagonists during isometric contractions provides a novel way to verify whether sEMG recordings represent actual cocontraction.
The main aim of this study was to investigate whether antagonist sEMG recordings from muscles in the lower limb are related to cocontraction or cross-talk during graded isometric contractions to maximum effort. It was hypothesized that the muscle fascicles would progressively shorten as contraction intensity increased when muscles acted as agonists, whereas the muscle fascicle lengths would not alter when muscles acted as antagonists if they were not producing force. A second aim of this study was to compare the antagonist sEMG amplitudes using two different electrode configurations (2-cm and 4-cm interelectrode distances). It was postulated that the sEMG amplitudes from the 4-cm configurations would be higher because the ratio of the cross-talk signal to the target signal increases as electrode spacing becomes wider (12, 30, 43, 53) . This is due to the degree of spatial overlap and the source depth of the action potentials detected on the skin, as explained by Roeleveld and colleagues (43) .
METHODS
Participants. Eight subjects (7 men, 1 woman) aged 26 Ϯ 3 (mean Ϯ SD) yr, height 177 Ϯ 8 cm, and body mass 73 Ϯ 10 kg participated in the study. Subjects had no recent (Ͻ12 mo) history of lower limb injury or surgery, no preexisting neuromuscular disorders, and were recreationally active at the time of testing. All subjects provided written informed consent prior to participation and were recruited via word of mouth throughout the university. The study protocol was approved and endorsed by the local university ethics committee and was conducted in accordance with the Declaration of Helsinki.
Experimental setup and design. Subjects were seated in a reclined position with the plantar aspect of their left foot flush against a custom-built rigid footplate. The left ankle was at 90°(foot relative to leg) and the left knee was fully extended. The hips were positioned at 130°(leg relative to torso). A hip strap was used to secure subjects in place during plantar flexion contractions and padded wooden blocks were positioned between the superior dorsal aspect of the left foot and the frame housing the foot, to minimize ankle rotation during dorsiflexion contractions.
Prior to testing, subjects performed five submaximal (1-s hold, 1-s rest, ϳ80% of maximum) and two maximal (3-s hold) voluntary isometric plantar flexion and dorsiflexion contractions to precondition the muscle-tendon unit (36) and to determine the maximum torque for subjects to match during the ramp contractions. An additional maximal contraction was performed if there was more than 5% difference in maximum torque between the two preceding maximal efforts in the same contraction direction.
Subjects performed isometric ramp contractions to MVIC (8-s to MVIC, 1-s hold, 8-s to full relaxation) in both plantar and dorsiflexion directions. Ramp contractions were performed to allow agonist and antagonist muscle fascicle length (L f) to be compared at sEMGmatched levels and to limit any viscoelastic effects. To ensure the ramp MVICs were consistent, subjects attempted to match the torque of a superimposed ramp, displayed on a monitor in front of them, by plantar flexing or dorsiflexing their foot. An ultrasound device was positioned in one of three locations to image both LG and SOL together or MG or TA individually. Ramp MVICs of plantar flexion and dorsiflexion were repeated at least once for each transducer location, so that a minimum of six ramp MVICs were performed for each contraction direction.
Ultrasound was used to assess L f changes of muscles acting as either agonists or antagonists, depending on the direction of the contraction. Surface EMG was recorded from muscles acting around the ankle to determine common muscle activity. The order that the plantar flexor and dorsiflexor muscles were assessed was counterbalanced, with the plantar flexor conditions being performed successively. The order of plantar flexion and dorsiflexion efforts was randomized. The contraction direction was alternated and 1 min was provided between ramp MVICs in either direction to minimize any possible fatigue effects.
Following the ramp contractions, the investigator positioned a wooden board flush against the sole of the left foot (to replicate the footplate) and performed two slow (ϳ5°/s) passive rotations through a range slightly larger than that which occurred due to ankle rotation during the ramp contractions. This process was performed to determine the passive muscle L f changes that occurred due to joint rotation (3, 4, 7, 38, 39) in the ramp contractions.
Surface electromyography. Muscle activity of the TA, MG, LG, and SOL muscles was recorded with sEMG using two electrodes for TA and three for MG, LG, and SOL. The electrodes (8 mm recording diameter, Ag/AgCl, Covidien, Mansfield, MA) were placed in a bipolar or tripolar configuration with an interelectrode distance of 2 cm (center to center). The electrode position was just distal to the most prominent bulge of the muscle for MG and LG, immediately distal to the transducer for TA, and medially and proximally to the Achilles tendon for SOL. The tripolar configuration was used so that we could compare the antagonist sEMG amplitudes from 2-cm and 4-cm interelectrode distances and therefore determine if cross-talk was present using another piece of evidence directly related to the sEMG activity itself. Because of difficulty in positioning a third electrode away from the TA muscle borders, a tripolar configuration was not used for this muscle.
Ultrasound imaging (Echoblaster, 128, UAB, Telemed, Vilnius, Lithuania) was used to ensure the position of each electrode was away from muscle borders and in line with the direction of the muscle fascicles, prior to the skin being shaved, abraded, and cleaned. Reference electrodes were placed on the left ankle over the medial and lateral malleoli, after light abrasion and cleaning of the skin. EMG signals were amplified between 100 and 1,000 times (Neurolog System, Digitimer, Letchworth, Hertfordshire, UK) depending on signal strength and filtered with a band-pass analogue filter between 10 and 500 Hz, prior to being sampled at 2 kHz using a 16-bit Power 1401 and Spike2 data collection system (Cambridge Electronics Design).
Muscle fascicle visualization. The same ultrasound as described above was used to measure in vivo two-dimensional muscle architecture (L f and pennation angle) changes during the ramp contractions and passive rotations. One flat ultrasound transducer was tightly secured to the skin on the left shank over TA or MG or LG and SOL using adhesive bandage. This arrangement limited transducer movement relative to the skin. To image TA, the transducer was positioned over the midbelly of the muscle to show the muscles fascicles in the superficial and deep compartments as well as the superficial, central, and deep aponeurosis. For the plantar flexors (PFs), the transducer was positioned so that the muscle fascicles and superficial and deep aponeurosis could be imaged. The transducer location for each condition was finalized by tilting the probe slightly medially or laterally to find the clearest image of continuous muscle fascicles, which was presumed to correspond to the plane of muscle fascicles (41) .
B-mode ultrasound images were digitally sampled at a frequency of 80 Hz using a 60-mm, 96-element, linear, multifrequency transducer (LV7.5/60/96, Telemed) operating at 6 MHz with an image depth of 50 mm. The onset of the ultrasound recordings began at least two seconds prior to the beginning of the ramp contractions or passive rotations. A digital pulse generated by the ultrasound system was used to synchronize all data signals to a common start and end time.
Torque measurements. Net ankle force was determined using a custom-built rigid footplate with a force transducer attached close to the center of the forefoot. This system resulted in similar ankle rotations during MVICs compared with other devices used in the literature (24, 36, 38) . Net ankle moment was calculated by multiplying the transducer force by the perpendicular distance to the approximate axis of joint rotation. The torque signal was sampled at 1 kHz and amplified between 100 and 200 times depending on the maximum ankle moment generated by the subject.
Motion capture. Three-dimensional (3D) position data of the foot and shank was collected at 80 Hz using a four-camera optoelectronic system (Natural Point, OptiTrack, Tracking Tools) to quantify any rotation of the foot and shank during plantar flexion and dorsiflexion contractions and passive rotations. Six spherical reflective markers (9.5 mm diameter) were attached to the left-sided foot and shank using double-sided tape. Models of shank and foot segments were created using markers on the shank slightly lateral to the tibial tuberosity, two-thirds of the length of the tibia and three-quarters of the length of the fibula, and markers on the foot slightly distal to the lateral malleolus, the posterolateral aspect of the calcaneus, and the base of the fifth metatarsal. The motion capture system was synchronized to the sEMG and ultrasound systems using a pulse generated in the Spike2 software that triggered the collection of each frame when the ultrasound system was recording.
Data analysis. Muscle activation data were processed offline using custom-written scripts in Matlab (Mathworks, R2011b, Natick, MA). Mains noise was removed with a dual-pass Infinite Impulse Response 50 Hz bandstop filter with a width of 0.1 Hz. Following this, a 100 ms sliding window was moved 1 ms at a time to calculate the root-meansquare (RMS) amplitudes for each sEMG channel across each trial.
The RMS values at the very start and end of each trial were excluded from analysis to avoid time lag. For each muscle, background activity from a resting state was calculated as the average RMS amplitude over the first second of the trial when subjects were instructed to relax. This resting value was subtracted from the remaining signal to determine muscle activity during the contractions and passive rotations. The RMS amplitudes for each muscle were then normalized to the peak RMS amplitude from when the muscle acted as an agonist. Passive trials with RMS amplitudes of greater than 2% MVIC were excluded from analysis.
Ultrasound recordings were exported from the collection software as video files and analyzed by a custom-written automated tracking method implemented in Matlab. The method was based on the Lucas-Kanade optical flow algorithm with an affine optic flow extension and has been described and validated against manual length measures during isometric contractions as well as dynamic contractions (11, 19) . For the bipennate TA, muscle architecture was only analyzed from the superficial compartment (between the superficial and central aponeurosis), on the basis of reports that the architectural features between the two compartments are not significantly different in any joint position at rest or during isometric contraction (37) . For the unipennate PFs, fascicles within the middle of the image were analyzed.
In all muscles, the longitudinal L f was used for further analysis because it provides a better representation of tendon stretch (18) and was calculated as the measured Lf multiplied by the cosine of its average pennation angle (the angle of fascicle insertion from the superficial aponeurosis and from the central/deep aponeurosis). The change in longitudinal Lf was then determined by subtracting away the average (over the first second) resting longitudinal Lf. Instantaneous values of the ankle plantar/dorsiflexion angle were calculated from the 3D marker data for ramp contractions and passive trials. The angle made between the shank and foot segments in the global reference frame, which was defined by the long axis of the shank and axis of the footplate, was calculated in Matlab.
All data were combined in Matlab and downsampled to the lowest sampling frequency (80 Hz). A fourth-order polynomial was fitted to the ankle angle and longitudinal Lf change data in the passive trials when the muscle of interest was lengthening. Using the polynomial, the passive longitudinal Lf changes were determined for the ankle rotations observed during the ramp contractions when the muscle acted as an agonist or antagonist. Passive longitudinal Lf changes due to joint rotation were then accounted for by subtracting the respective passive longitudinal Lf from the measured longitudinal Lf at each corresponding ankle angle during the ramp contractions.
When a muscle acted as an antagonist, the corrected longitudinal Lf was calculated at the peak antagonist RMS amplitude because it represents the peak effect considering the relatively linear relationship between force, fascicle length change, and agonist and antagonist sEMG (22, 28, 41) . When a muscle acted as an agonist, the corrected longitudinal L f was calculated during the loading phase of the ramp contraction at the equivalent agonist RMS amplitude. The mean, SD, and standard error of the mean (SE) of the sEMG-matched longitudinal L f during the ramp contractions were then calculated for all subjects to describe agonist and antagonist muscle fascicle behavior during isometric plantar flexion and dorsiflexion.
Statistics. A one-way repeated-measures ANOVA was used to assess differences in plantar flexion or dorsiflexion peak torques between the three transducer locations. Differences in agonist and antagonist corrected longitudinal L f in the sEMG-matched trials were assessed for all muscles using a two-way repeated-measures ANOVA (muscle ϫ contraction direction). The same statistical test was used to examine differences in peak antagonist RMS amplitudes between interelectrode distances (IEDs) for the PFs (muscle ϫ IED). Where a significant interaction existed, multiple comparisons were performed using Bonferroni posttest corrections. Statistical analyses were completed using commercially available software (Prism 5; La Jolla, CA). All data were normally distributed as determined by D'Agostino and Pearson omnibus normality tests and are represented as means Ϯ SD in the text and means Ϯ SE in the figures. The significance level was set as P Յ 0.05.
RESULTS
There were no significant differences in the peak torques measured during the ramp MVICs of plantar flexion (P ϭ 0.55) or dorsiflexion (P ϭ 0.43) between the three transducer locations. When muscles acted as agonists, peak fascicle shortening and maximum ankle rotation generally occurred at peak torque and peak muscle activation (Fig. 1) . When muscles acted as antagonists, RMS amplitude typically peaked close to or at peak torque. Some unavoidable ankle rotation, peaking at 8.31 Ϯ 3.87°in the plantar flexion direction and 3.44 Ϯ 1.55°in the dorsiflexion direction, was observed during the ramp contractions. This rotation caused passive shortening of the agonist and passive lengthening of the antagonist. Accounting for the passive muscle longitudinal L f changes due to joint rotation (see Fig. 2 ) therefore shifted the corrected longitudinal L f toward the resting longitudinal L f for when a muscle acted as an agonist or antagonist (Fig. 1D) .
Normalized RMS amplitudes showed peak antagonist activations of 6.50 Ϯ 3.13% for the TA, 11.89 Ϯ 6.17% for the MG, 18.45 Ϯ 7.03% for the LG, and 16.21 Ϯ 6.51% for the SOL for the 2-cm IEDs (Fig. 3) . For the 4-cm IEDs, the peak antagonist RMS amplitudes were 11.52 Ϯ 6.74% for the MG, 22.83 Ϯ 10.60% for the LG, and 19.01 Ϯ 8.43% for the SOL (Fig. 3) . A comparison of the RMS amplitudes across the IEDs revealed significant main effects of both muscle and IED, but there was no significant interaction (P ϭ 0.20).
When muscles acted as agonists and were compared at the same RMS amplitude as when they acted as antagonists, longitudinal L f shortened from resting length by 2.19 Ϯ 1.44 mm for the TA, 1.39 Ϯ 1.29 mm for the MG, 3.97 Ϯ 1.96 mm for the LG, and 3.13 Ϯ 2.18 mm for the SOL. These shortening values were corrected for the passive length changes due to joint rotation and the effective shortening was 2.07 Ϯ 1.45 mm for the TA, 1.29 Ϯ 1.17 mm for the MG, 2.90 Ϯ 1.61 mm for the LG, and 2.59 Ϯ 1.83 mm for the SOL (Fig. 4) .
At peak RMS amplitude when the muscle acted as an antagonist, longitudinal L f increased from resting length by 3.19 Ϯ 1.75 mm for the TA, 1.34 Ϯ 0.72 mm for the MG, 1.67 Ϯ 0.93 mm for the LG, and 1.39 Ϯ 0.75 mm for the SOL.
These lengthening values were corrected for the passive length changes due to joint rotation and the effective lengthening was 1.16 Ϯ 0.97 mm for the TA, 0.65 Ϯ 0.57 mm for the MG, 0.63 Ϯ 1.03 mm for the LG, and 0.43 Ϯ 0.54 mm for the SOL (Fig. 4) . A comparison of corrected longitudinal L f changes at the sEMG-matched levels revealed a significant main effect of contraction direction, but no main effect of muscle (P ϭ 0.15). There was no significant interaction between muscle and contraction direction (P ϭ 0.27).
DISCUSSION
The main finding of this study was that antagonist sEMG recordings in the lower limb were primarily related to crosstalk originating from the agonists during ramp MVICs. This finding was supported by two pieces of evidence: 1) when each muscle acted as an agonist, its fascicles shortened against the series elastic tissue; however, when each muscle acted as an antagonist, its fascicles slightly lengthened and; 2) significantly greater RMS amplitudes for the 4-cm compared with the 2-cm IEDs. Together, these results indicate that muscles acting around the ankle do not transmit active force across the joint when they act as antagonists, despite sEMG recordings showing cocontraction (7-23% MVIC across all muscles). While many studies using isometric contraction protocols have, in the past, performed a torque correction based on sEMG (3, 6, 31, 34, 38, 44) , our results suggest that this is not necessary because this seems to be a product of cross-talk, rather than cocontraction. Investigators should therefore be cautious about making agonist torque corrections for isometric plantar flexion and dorsiflexion contractions based on the antagonist sEMG trace and predicted antagonist moment.
A relatively linear relationship between muscle activity and muscle fascicle shortening was observed when muscles acted as agonists. Muscles with lower peak antagonist RMS amplitudes generally had slightly less fascicle shortening when they acted as agonists at sEMG-matched levels. The peak antagonist muscle activations we measured are similar to previous reports for the triceps surae muscles (15, 49) and slightly less than those reported for the tibialis anterior muscle (34, 48, 49) , perhaps because of the distal placement of our TA electrodes. Net fascicle lengthening was observed for all muscles when they acted as antagonists at sEMG-matched levels. The cause of this slight net lengthening (when passive length changes due to ankle rotation had been corrected) might be the result of either measurement error or biomechanical effect of the contraction conditions. With respect to measurement error, the methods used here rely on a good estimate of passive length changes of the fascicles as a function of ankle angle and minimal change in knee angle. While the polynomial fit to the passive rotations accurately defines the mean length changes at each angle (Fig. 2) , this relationship may be influenced by the viscoelastic properties of the muscle and this could have affected the longitudinal L f that had joint rotation accounted for (Fig. 1D) . However, the hysteresis between stretch and shortening cycles was small and largely independent of the stretch speed in the range measured here, so we are confident that our passive correction lengths are accurate. Furthermore, we believe that viscoelastic effects during contractions will have had little effect, as we performed conditioning contractions to reduce such effects and studies have shown that such conditioning results in little change in the elastic properties of the Achilles tendon (36) , regardless of the rate of stretch (42) .
Alternatively, movement at the knee and load sharing between muscles may have also affected the L f corrections. A previous study using a similar set-up, with the ankle at 90°and the knee fully extended, found only 0.9 Ϯ 2.0°of knee extension during ramp MVICs of plantar flexion (3-s to MVIC, 2-s hold) (24) . This would not have any influence on the TA or SOL length changes, and we believe that the magnitude of knee flexion or extension will have limited effect on the length changes of the gastrocnemii fascicles given the small amplitude angle changes (24) and relatively small moment arms (47) . Therefore, we believe that this might not have had a significant effect on our results.
We believe that the most likely cause for lengthening of the fascicles when muscles acted as antagonists was that their moment arms decreased as the agonists produced force. Previously, a 0.4 cm posterior shift of the tibiotalar joint center has been observed during dorsiflexion MVIC, and this resulted in a longer TA tendon moment arm (35) . A similar shift in the opposite direction has been observed during plantar flexion MVIC, resulting in a longer Achilles tendon moment arm (32) . It is likely that these shifts in the tibiotalar joint center have the opposite effect on the antagonist muscle moment arms. Given that moment arm is equivalent to the change in muscle length divided by the change in joint angle (1), a reduction in antagonist moment arm throughout the ramp MVICs would have resulted in the antagonist muscle going through less length change than in the passive rotations over an identical ankle rotation (if moment arm decreases, and range of motion is constant, then muscle length change must decrease). This would have manifested as antagonist fascicle lengthening once the passive longitudinal L f changes due to joint rotation were accounted for, and is consistent with what we observed.
In a similar study to that presented here, Simoneau and colleagues (44) found that the TA and MG muscle L f were significantly shorter when these muscles acted as agonists compared with when they acted as antagonists at sEMGmatched levels. Direct comparison of L f between our study and that of Simoneau and colleagues (44) is difficult because in the Simoneau study the knee was flexed, the sEMG levels were matched at peak antagonist torque and the passive L f changes due to joint rotation were not accounted for. However, we believe that our interpretation of the L f findings, that fascicle lengthening when muscles acted as antagonists was indicative of cross-talk rather than cocontraction, is more plausible than their interpretation that TA and MG elicited a higher mechanical output while they acted as antagonists. The justification for this is that Simoneau and colleagues (44) did not account for inevitable joint rotation (although they attempted to limit it) and therefore the antagonist muscle lengthening they observed was likely to be exaggerated because joint rotation during isometric contractions is not negligible (ϳ1-19°) (24, 36, 38) . Joint rotation must be accounted for to avoid overestimation of muscle architecture and tendon displacement changes during isometric contractions (24, 38) .
The interpretation that sEMG recordings from the antagonists were contaminated by cross-talk was supported by the finding that the 4-cm IEDs measured significantly higher normalized peak antagonist RMS amplitudes compared with the 2-cm IEDs over the PFs. Previously, it has been shown that as IED increases, the amplitude of the cross-talk signal increases more than that of the target signal due to the degree of spatial overlap and source depth of the action potentials detected on the skin (12, 30, 43, 53) . Applying two different IEDs to detect cross-talk may therefore be a simple and useful technique for future studies interested in quantifying cross-talk vs. cocontraction; however, it is certainly difficult to quantify what proportion of the signal is cross-talk and what proportion is real cocontraction (13, 26, 50, 51) . The ultrasound technique used here may hence be better suited to this task.
Results from experimental data (45) and modeling studies (17, 27) support the idea that antagonist sEMG signals from isometric contractions are contaminated with cross-talk. For example, Solomonow and colleagues (45) found that cross-talk peak-to-peak amplitudes in the inactive LG of the cat were as high as 28% during supramaximal stimulation and that the level of cross-talk increased with thickness of the subcutaneous fat layer. Finite element analysis also showed that thickness of LG, and SOL muscles during sEMG RMS amplitude-matched agonist (unfilled bars) and antagonist (filled bars) contractions. The sEMG-matched level was determined at the peak RMS amplitude when the muscle acted as an antagonist. Data are presented as means Ϯ SE. Comparison of corrected longitudinal Lf changes at sEMG-matched levels revealed a significant main effect of contraction direction, but no main effect of muscle (P ϭ 0.15) and no significant interaction (P ϭ 0.27).
the subcutaneous fat layer increased cross-talk significantly at nearby recording sites and reduced sEMG signal amplitude for the agonist muscle (27) . An increase in thickness of the subcutaneous fat layer decreases the sEMG signal selectivity and increases cross-talk by reducing the relative difference in distances between motor units of interest and motor units of nearby muscles, making the action potentials from motor units more similar and smaller (9, 27, 29) . These distance-related changes reduce the amplitude of the propagating sEMG components more than the nonpropagating components generated by the fiber end effect (9) . Because of the role of end-of-fiber components in generating cross-talk signals (17) , the amount of cross-talk in inactive muscles consequently increases when they are covered by a thicker layer of fat. Small variations in thickness of the subcutaneous fat layer overlying the different muscles may therefore account for some of the variability observed in the peak antagonist sEMG amplitudes across muscles (7-23% MVIC). While the antagonist sEMG recordings were primarily due to cross-talk in this study, this does not imply that cocontraction was negligible in past investigations that performed MVICs around the ankle joint (3, 4, 6, 7, 31, 34, 38, 39) . Our results only reflect isometric contractions with a fully extended knee where the ankle joint is mechanically supported and minimal ankle rotation occurs. The cross-talk findings should not be applied to dynamic contractions, as mechanical support to the joint is not offered and cocontraction may be beneficial for factors such as joint stability and proprioception (5, 46) . In fact, for studies investigating dynamic contractions, the amount of cross-talk in the antagonist sEMG trace may be at the noise level and of no concern to the investigator (44) . The generalizability of our findings to other joints is also limited; however, ultrasound imaging may prove useful for evaluating cocontraction in other muscle groups. The ultrasound technique may not necessarily work for nonpennate muscles, although other ultrasound techniques [such as elastography (8, 10) ] may be useful tools for performing such measures in the future.
In conclusion, the lack of fascicle shortening observed when muscles around the ankle acted as antagonists indicates that they were unlikely to produce active force during isometric contractions. This finding, together with the result that the 4-cm IEDs measured higher normalized antagonist sEMG RMS amplitudes compared with the 2-cm IEDs, highlights that the antagonist sEMG recordings were primarily due to crosstalk rather than cocontraction, despite "coactivations" ranging from 7 to 23% MVIC across all muscles. These results suggest that investigators should be wary about performing agonist torque corrections based on the antagonist sEMG trace and predicted antagonist moment.
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